Purpose: To investigate the relationship between vitamin D and glaucoma. Methods: This retrospective, cross-sectional study included subjects who underwent a health screening at the Health Screening Center of Kangbuk Samsung Hospital from August 2012 to July 2013. All fundus photographs were reviewed by ophthalmologists. The ophthalmologists determined if an eye was glaucomatous based on the criteria set forth by the International Society of Geographical and Epidemiological Ophthalmology and by the appearance of the retinal nerve fiber layer and optic disc. If the subjects previously underwent an ophthalmologic examination, they were enrolled based on the documented history. In addition to fundus photographs, each participant underwent a systemic examination including blood sampling and sociodemographic and behavioral questionnaires. The subjects were divided into five groups according to serum 25-hydroxyvitamin D (25(OH)D) level. Multivariate logistic regression models were constructed to assess possible associations between elevated glaucoma risk and systemic factors with a p < 0.2 on univariate analysis. Results: Of the 169,208 subjects older than 20 years, 123,331 were eligible for the study. There was no difference in the prevalence of glaucoma according to quintile of serum 25(OH)D level based on sex (p = 0.412 for males, p = 0.169 for females). According to the multivariable-adjusted logistic analysis, the odds ratio of glaucoma for the fourth quintile was significantly lower than that of the first quintile in females (odds ratio, 0.713; 95% confidence interval, 0.520 to 0.979). Conclusions: Lower 25(OH)D level was significantly associated with an elevated risk of glaucoma in females compared with higher 25(OH)D level. Further evaluation is needed to investigate the relationship between glaucoma and vitamin D.
Glaucoma is a chronic progressive optic neuropathy that causes irreversible damage. Therefore, early diagnosis and appropriate treatment to control various risk factors associated with glaucoma are important. Risk factors associated with the development of glaucoma have been reported by many researchers and include both ocular and non-ocular (systemic) factors such as myopia, central corneal thickness, disc hemorrhage, and genetic factors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The majority of these risk factors cannot be adjusted; however, intraocular pressure (IOP) is one aspect of intraocular risk factors that can be modified. Many researchers have investigated the modifiable systemic factors associated with glaucoma, such as metabolic syndrome.
Recently, vitamin D has become a major area of interest in medical research. Vitamin D is an important secosteroid hormone that plays a role in the signaling pathways related to bone and mineral metabolism, cellular proliferation, immune modulation, and oxidative stress [14, 15] . In general, 25-hydroxyvitamin D (25(OH)D) is considered the most reliable biomarker for assessing an individual's vitamin D status. Based on the results of serum 25(OH)D measurements in large, population-based studies, vitamin D deficiency is associated with neurodegenerative effects on the central nervous system [16, 17] . Several biological experiments have indicated that vitamin D regulates neuroprotective functions in the central nervous system, including the optic nerve [18, 19] . Moreover, vitamin D status can affect chronic metabolic diseases, including diabetes, hypertension, and dyslipidemia, which are considered important metabolic risk factors of elevated IOP and reduced ocular blood flow [20, 21] .
Studies focusing on vitamin D status and its relation to glaucoma are limited and inconsistent [22] [23] [24] . The purpose of this study was to investigate the association between vitamin D and the development of glaucoma.
Materials and Methods
This study followed the tenets of the Declaration of Helsinki and was approved by the institutional review board/ ethics committee of Kangbuk Samsung Hospital. Subjects who underwent health screening at one of the Kangbuk Samsung Hospital screening centers in Seoul and Suwon from August 2012 to July 2013 were enrolled in this retrospective, cross-sectional study. The purpose of the screening program was to promote health through early detection of chronic diseases and their risk factors. Additionally, the Korean Industrial Safety and Health Law requires working individuals to participate in an annual or biennial health examination. Approximately 60% of the participants were employees (or their spouses) of companies or local governmental organizations, while the remaining participants registered individually for the program. During the screening examination, digital color fundus photographs were taken with a digital fundus camera (CR6-45NM; Canon, Tokyo, Japan). Of the 169,208 subjects who received health screenings and were older than 20 years, 168,044 (99.31%) underwent fundus photography. Of the 168,044 subjects who underwent f undus photography, 123,331 (72.89%) who received a serum 25(OH)D blood test were finally enrolled in this study. The IOP was measured using a noncontact tonometer (CT-80; Topcon, Tokyo, Japan), and the mean value of two IOP readings was recorded. In addition to fundus photographs, systemic examinations and sociodemographic and behavioral questionnaires were administered to all subjects; their medical histories were also reviewed to determine the presence of any associated systemic disease.
All fundus photographs were reviewed by two ophthalmologists, two glaucoma specialists, and one retinal specialist, all of whom were blinded to the subjects' demographic features and laboratory findings. Discrepancies among the observers' findings were resolved by consensus. Fundus photographs were divided into two groups based on disc and retinal nerve fiber layer (RNFL) appearance: non-glaucoma and glaucoma, defined as glaucomatous optic disc diagnosed according to International Society of Geographical and Epidemiological Ophthalmology (IS-GEO) criteria or definite RNFL defect. A glaucomatous optic disc was defined based on disc appearance such as disc notching or cup-to-disc ratio (CDR) greater than 0.7 vertical CDR or greater than 0.2 vertical CDR asymmetry between the right and left eyes. A glaucomatous RNFL defect was defined as a localized, wedge-shaped RNFL defect within 60 degrees of the optic disc border. In cases with newly-detected glaucomatous features, glaucoma evaluations were recommended for confirmation, and some subjects were diagnosed with glaucoma after undergoing a glaucoma evaluation in the glaucoma clinic. The subjects diagnosed with glaucoma in the glaucoma clinic were enrolled as the glaucoma group. Non-glaucomatous RNFL defects, such as superior segmental optic hypopla-sia, slit defects, and spindle-like defects, were excluded.
The following variables were analyzed to evaluate the risk factors of development of glaucoma: physical measurements (body mass index, waist circumference, and systolic and diastolic blood pressure), serum biochemical measurements (fasting blood glucose, hemoglobin A1c, and serum 25(OH)D), serum lipid profiles (total cholesterol and triglycerides), medical history (presence of diabetes, systemic hypertension, hyperlipidemia, hyperthyroidism, or hypothyroidism), and a questionnaire that addressed sociodemographic characteristics (age and sex) and health-related behaviors (smoking, alcohol intake, and physical activity). Alcohol intake was classified based on a cut-off of 20 g/day. In addition, regular physical activity was based on moderate levels of physical activity, such as carrying light loads, bicycling, or doubles tennis.
All statistical analyses were performed using PASW ver. 18.0 (SPSS Inc., Chicago, IL, USA). Each variable was initially evaluated by the chi-square test or independent t-test. After adjusting for confounding variables such as sex, age, current smoking, diabetes, hypertension, and IOP, multivariate logistic regression analysis was used to analyze the association between developing glaucoma and vitamin D or developing glaucoma and quintile of vitamin D. Model 1 was not adjusted; model 2 was adjusted for age, sex, current smoking status, diabetes, and hypertension; model 3 was adjusted for age, sex, current smoking status, diabetes, hypertension, and IOP. Odds ratios (ORs) with 95% confidence intervals were generated using a logistic regression model. Additionally, the glaucoma group was divided into high IOP and without high IOP groups based on 21 mmHg IOP, and the difference in vitamin D levels between the two groups was analyzed using independent t-test. A p-value <0.05 was considered statistically significant. 
Results
Subject characteristics according to the presence or absence of glaucoma are shown in Table 1 . A total of 123,331 subjects were enrolled in the present study. Among the eligible subjects, 1,627 (1.31%) had glaucoma. The glaucoma group consisted of 1,029 subjects who were diagnosed in the glaucoma clinic based on a standard glaucoma evaluation and 598 who were diagnosed using ISGEO criteria and had RNFL defects. The mean of serum 25(OH)D level in the group diagnosed in the glaucoma clinic and the group diagnosed using ISGEO criteria and had RNFL defects was 15.85 ± 6.95 and 15.90 ± 6.99 ng/dL, respectively. There was no significant difference between the two glaucoma groups (p = 0.388, independent t-test).
The following variables were all statistically different between the glaucoma and the healthy groups: age; percentage of males; IOP; systolic and diastolic blood pressure; pulse pressure; fasting blood glucose; hemoglobin A1c; total cholesterol; triglycerides; body mass index; waist circumference; serum 25(OH)D; presence of diabetes, hypertension, hyperlipidemia; and current smoking status. However, alcohol intake, regular exercise, and presence of hyperthyroidism and hypothyroidism were not statistically significantly different between the two groups.
The prevalence of glaucoma according to quintile of serum 25(OH)D is shown in Table 2 . The prevalence of glaucoma was statistically significantly different between various 25(OH)D quintiles (p < 0.001); however, after adjusting for sex, the prevalence of glaucoma was not statistically significantly different between the 25(OH)D quintiles.
The ORs of glaucoma according to serum 25(OH)D and serum 25(OH)D quintiles are shown in Table 3 . Univariate logistic regression analysis showed that the ORs for subjects in the third, fourth, and fifth quintiles of serum 25(OH)D were significantly higher than the ORs for first quintile subjects (ORs, 1.211, 1.291, and 1.411, respectively; p < 0.001). When the univariate logistic regression analyses were conducted using continuous serum 25(OH)D level, the OR of glaucoma for every 1 ng/dL increase in 25(OH)D was significantly changed (OR, 1.014). On multivariate logistic regression analysis according to sex, continuous value or quintile of serum 25(OH)D was not significantly associated with glaucoma in males. However, in females, the OR of subjects in the fourth quintile of serum 25(OH)D was significantly lower than that in the first quintile subjects (OR, 0.713).
Glaucoma subjects were subdivided into high IOP and without high IOP groups (1,565, 96.2% and 62, 3.8%, respectively). The mean of serum 25(OH)D level in the high IOP and without high IOP groups was 16.59 ± 6.89 and 15.86 ± 6.96 ng/dL, respectively; the difference between the two groups was not significant ( p = 0.201, independent t-test).
Discussion
Glaucoma is considered a complex and multifactorial disorder that is influenced not only by IOP, but also various systemic conditions. To identify controllable risk factors other than IOP, many researchers have investigated the systemic factors that affect the development of glaucoma. Several mechanisms underlying this association remain unclear. In our study, the association between either 25(OH)D or quintile of 25(OH)D and the development of glaucoma was not statistically significant in males. However, in females, these associations showed statistically significant results. Females with lower 25(OH)D level were at a significantly greater risk of glaucoma compared with those with higher 25(OH)D level.
Potential mechanisms for the development of glaucoma might be influenced by several protective roles of vitamin D, either directly by activation of the vitamin D receptor or indirectly by regulation of calcium homeostasis [25, 26] . First, vitamin D might affect immunomodulation in the pathogenesis of glaucoma [27] . Recent studies have shown that an imbalance of the immune system is a major contributor to neurodegenerative injuries of the optic nerve axons and ganglion cell bodies. Since vitamin D significantly affects the regulation of immune cell functions, this effect might play a key role in protecting the optic nerve. Second, vitamin D regulates both neurotrophic factors in the central nervous system and plasticity in neural networks [16, 17] . Studies using animal models have found that vitamin D has a neurotrophic property associated with the synthesis of neurotrophic growth factors and neurotransmitter metabolism [16, 17] . It is possible that this effect aids in the regeneration of the optic nerve after injury. Third, vitamin D regulates oxidative stress in neurons by activating calcium channels, an important factor in glaucomatous optic nerve damage [26] [27] [28] . Vitamin D is closely associated with a number of neurodegenerative and psychiatric diseases such as Alzheimer disease, Parkinson disease, depression, and schizophrenia [26] . Several studies have shown that these diseases can affect the development of glaucoma [27] .
Another possible explanation for the association between lower vitamin D level and glaucoma might lie in the mechanism of impaired ocular blood flow. Yang et al. [25] reported that vitamin D regulates the renin-angiotensin system and improves endothelial cell-dependent vasodilation, which affects peripheral and microvessel circulation. In an animal-based study, the suppression of the renin-angiotensin system was shown to decrease the risk of glaucoma by improving ocular blood flow [29] . The anti-inflammatory effects of vitamin D also protect endothelial cells from metabolic damage and oxidative stress [25] . Furthermore, vitamin D status might reflect chronic non-specific illnesses that could affect systemic circulation [30] . These studies showed that improving vitamin D status might have a beneficial effect on the vascular dysregulation that leads to local vasospasm [30, 31] .
In glaucoma field studies, Krefting et al. [22] reported no association between vitamin D and IOP. Wiggs [24] reported that the risk of open-angle glaucoma due to exfoliation syndrome was associated with vitamin D. Yoo et al. [23] reported that serum vitamin D was associated with IOP in male subjects, and that low vitamin D level in glaucoma subjects might result from low external activity due to the disease. This result is in contrast with our findings. In our study, there was no association between vitamin D status and the development of glaucoma in all subjects or in males. The reason for this difference is unknown. It may be that there were more male than female subjects in our study, while the previous study population had a different composition. Furthermore, our subjects were enrolled from health-screening centers; thus, our study was not population-based. Another possibility is that the subjects in our study were in a higher socioeconomic class and had a more invested interest in their health. Whatever the reason, the association between vitamin D status and glaucoma remains unclear, and further studies are necessary.
Our study showed different results after adjusting for sex. One reason for this difference might be due to the effects of female sex hormones. Pasquale et al. [32] have reported that female sex hormones were associated with glaucoma. An altered sexual hormone status has been shown to lead to nutrition deficiency and various chronic diseases [33, 34] . According to several studies, vitamin D status influences female reproductive and pregnancy outcomes, and low vitamin D status is associated with impaired fertility, endometriosis, and polycystic ovary syndrome [35, 36] . Based on various studies, vitamin D levels have an influence on the health of females.
Our study has several limitations. First, the chosen individuals enrolled retrospectively in a health screening program; thus, the study population was biased to individuals with access to health care. All subjects were self-selected for health screening, and most of the study population consisted of workers and their spouses. The educational and economic demographics of the study subjects might have resulted in some bias. However, our study population was very large, which is expected to minimize selection bias. A future longitudinal study is needed. Second, some subjects were diagnosed with glaucoma based only on fundus photographs. However, most subjects showed RNFL defects in their fundus photographs. To exclude the possibility of misdiagnosis, each examiner diagnosed the fundus photograph blindly, and any discrepancies among the observers were resolved by consensus. Third, we could not exactly distinguish the type of glaucoma because we did not perform slit-lamp examination in some subjects who were diagnosed using ISGEO criteria and had RNFL defect. Instead of analysis according to the type of glaucoma, we only analyzed the difference in vitamin D level in the subtypes of glaucoma based on IOP. After dividing the glaucoma group based on IOP, serum 25(OH)D levels were not significantly different between the high IOP and without high IOP groups. One of the reasons might be the significant difference in the number of subjects in the two groups. Most of the subjects were in the without high IOP group. Fourth, ocular parameters such as axial length, corneal thickness and refractive error were not measured. Fifth, this was a cross-sectional, case-control study; therefore, no causal relationship between development of glaucoma and serum 25(OH)D level could be determined.
In conclusion, lower serum 25(OH)D level was significantly associated with an elevated risk of glaucoma in women compared to those with higher serum 25(OH)D. Our results suggest that vitamin D status independently affects the pathophysiology of glaucoma in women. We cannot explain the exact mechanism; however, considering both the results of previous reports and the present study, vitamin D influences the pathophysiology of glaucoma as a secondary aggravating factor rather than a primary cause. With the presence of a primary factor, a low vitamin D level might render the optic nerve or its environment more vulnerable to glaucomatous insult. Our study helps to elucidate the risk factors of glaucoma and to disclose the mechanisms underlying the influence of vitamin D on the development of glaucoma.
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